Aims/hypothesis Opening of ATP-sensitive potassium (K ATP ) channels during myocardial ischaemia shortens action potential duration and is believed to be an adaptive, energy-sparing response. Thiazolidinedione drugs block K ATP channels in non-cardiac cells in vitro. This study determined whether thiazolidinedione drugs block cardiac K ATP channels in vivo. Methods Experiments in 68 anaesthetised pigs determined: (1) effects of inert vehicle, troglitazone (10 mg/kg i.v.) or rosiglitazone (0.1 or 1.0 mg/kg i.v.) on epicardial monophasic action potential (MAP) during 90 min low-flow ischaemia; (2) effects of troglitazone, rosiglitazone or pioglitazone (1 mg/kg i.v.) on response of MAP to intracoronary infusion of a K ATP channel opener, levcromakalim; and (3) effects of inert vehicle, rosiglitazone (1 mg/kg i.v.) or the sarcolemmal K ATP blocker HMR-1098 on time to onset of ventricular fibrillation following complete coronary occlusion. Results With vehicle, epicardial MAP shortened by 44±9 ms during ischaemia. This effect was attenuated to 12±8 ms with troglitazone and 6±6 ms with rosiglitazone (p<0.01 for both vs vehicle), suggesting K ATP blockade. Intracoronary levcromakalim shortened MAP by 38±10 ms, an effect attenuated to 12±8, 13±4 and 9±5 ms during co-treatment with troglitazone, rosiglitazone or pioglitazone (p<0.05 for each), confirming K ATP blockade. During coronary occlusion, median time to ventricular fibrillation was 29 min in pigs treated with vehicle and 6 min in pigs treated with rosiglitazone or HMR-1098 (p<0.05 for both vs vehicle), indicating that K ATP blockade promotes ischaemic ventricular fibrillation in this model. Conclusions/interpretation Thiazolidinedione drugs block cardiac K ATP channels at clinically relevant doses and promote onset of ventricular fibrillation during severe ischaemia.
Introduction
Cardiac ATP-sensitive potassium (K ATP ) channels open during ischaemia, causing shortening of action potential duration [1] . This is generally believed to be an adaptive, energy-sparing response [2, 3] . Opening of cardiac K ATP channels in ischaemia also stabilises resting membrane potential and may therefore have anti-arrhythmic effects [4] [5] [6] . Conversely, pharmacological blockade or genetic ablation of K ATP channels may be harmful, promoting ischaemic and catecholamine-induced arrhythmias and abolishing ischaemic preconditioning [7] [8] [9] [10] [11] . However, findings are divided in this regard. When K ATP channels open during ischaemia, resultant dispersion of refractoriness and slowing of conduction could predispose to reentrant arrhythmias; by preventing these effects, K ATP channel blockade could be anti-arrhythmic and protective. In fact, some studies have indicated that K ATP channel blockers reduce the propensity for ischaemic arrhythmias [12, 13] , while K ATP channel openers facilitate induction of ventricular fibrillation [14] [15] [16] .
Many patients with type 2 diabetes are treated with thiazolidinedione drugs for their insulin sensitising effects. In addition, thiazolidinediones exert anti-inflammatory and anti-proliferative effects in experimental studies and favourably modify serum lipoproteins, circulating inflammatory markers and progression of atherosclerosis as identified by vascular imaging in clinical investigations. On this basis, one might expect dramatic improvement in clinical outcomes among patients treated with thiazolidinediones. However, these expectations have not been fulfilled. While clinical outcomes with pioglitazone tended towards being favourable in the PROACTIVE trial [17] and were favourable in a meta-analysis [18] , a meta-analysis of trials with rosiglitazone indicated increased cardiovascular morbidity and mortality rates with that agent [19] . Could adverse cardiovascular effects of thiazolidinedione drugs diminish or negate their favourable metabolic effects? One potential explanation is that these agents precipitate or exacerbate fluid retention and congestive heart failure. Another possibility is that they exert direct adverse cardiac effects. Other compounds in the class, including troglitazone and englitazone, block K ATP channels in a variety of non-cardiac cells in vitro [20] [21] [22] [23] ; however, it is not known whether thiazolidinediones exert similar effects in the heart.
The goal of the present study was to determine whether thiazolidinedione drugs interact with cardiac K ATP channels and affect the cardiac action potential and rhythm in vivo, using a porcine model of myocardial ischaemia.
Methods
Anaesthesia, surgery and instrumentation The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). Anaesthesia and instrumentation followed previously published methods [24] [25] [26] [27] . Domestic pigs (n=68) of either sex weighing 24±1 kg were studied in three sets of experiments. Pigs were sedated with ketamine (25 mg/kg, intramuscular), anaesthetised with alpha α-chloralose (100 mg/kg i.v. induction, 20-30 mg kg [28] were recorded from the left ventricular epicardial surface with an electrode (model 501; EP Technologies, Mountain View, CA, USA) that maintains contact pressure by a spring tensioning mechanism. MAP recordings were preamplified with a high-input impedance, direct currentcoupled differential amplifier, digitised at 10 kHz and recorded with an electrophysiology data system (EPACE; Fischer Imaging, Denver, CO, USA). MAPs were recorded from anterior and posterolateral free walls of the left ventricle. MAP duration was measured from the point of initial upward deflection to the point of 90% recovery from peak of phase 0 depolarisation. MAP rise time was calculated as the time from 10 to 90% of peak phase 0 depolarisation. Criteria for acceptance of MAP data for analysis were: (1) constant morphology and resting potential before and after measurement; and (2) amplitude of phase 2 depolarisation exceeding 10 mV.
Effect of troglitazone and rosiglitazone on action potential during ischaemia and reperfusion We studied 30 pigs in a low-flow regional myocardial ischaemia and reperfusion experiment. The experimental design is diagrammed in Fig. 1 . Baseline (pre-treatment) measurements of haemodynamics, electrocardiogram and MAP were made. MAP was recorded in the central portion of the area to be rendered ischaemic, identified as myocardium subtended by diagonal branches with origins distal to the LAD occluder; the boundaries of the ischaemic region were subsequently confirmed by visible akinesis during coronary constriction. MAP was also recorded in the non-ischaemic posterolateral region of the left ventricle. Pigs were then treated with intravenous troglitazone (n=11), intravenous rosiglitazone (n=8) or inert vehicle (n=11), each beginning 1 h before ischaemia and continuing through reperfusion. Crystalline troglitazone (Sankyo Pharmaceutical Research, Tokyo, Japan) was dissolved in a 50% (v/v) aqueous solution of polyethylene glycol-400 and 0.15 mol/l NaHCO 3 to a concentration of 10 mg/ml (25 mmol/l) and administered as 10 mg/kg i.v. over 10 min followed by 5 mg kg
for the remainder of the experiment. This dose of troglitazone results in a plasma troglitazone concentration of 5±1 μg/ml in pigs [26] , similar to that achieved in prior clinical use of this drug [29] . Rosiglitazone potassium salt (Cayman Chemical, Ann Arbor, MI, USA) was dissolved in DSMO (1:10, w/v) and diluted with distilled water to a final concentration of 2 mg/ml. Four pigs were treated with a dose of 0.1 mg/kg i.v. and four other pigs with 1.0 mg/kg i.v., administered over 10 min. In the vehicle group, polyethylene glycol was used in eight pigs and DMSO in three pigs. In each treatment group, a second set of measurements of haemodynamics, electrocardiogram and MAP was obtained 1 h after initiation of treatment, just before the onset of ischaemia (designated 'pre-ischaemic treatment'). The LAD occluder was then gradually constricted using a microsyringe to reduce coronary flow rate to 50% of baseline (±1 ml/min) and maintained at this level for 90 min. In two additional pigs, levcromakalim infusion was repeated twice without thiazolidinedione treatment, allowing 1 h between the end of the first and the beginning of the second infusion. Haemodynamics and MAP rapidly returned to baseline after discontinuing the first infusion; responses to the second infusion were nearly identical to the first (data not shown). Therefore, it was deemed appropriate to administer sequential infusions of levcromakalim before and after troglitazone or rosiglitazone, allowing comparison of responses with and without thiazolidinedione in the same pigs. response of MAP to ischaemia (Isc) and reperfusion (Rep) in the presence of vehicle (white bars, n=11), troglitazone (black bars, n= 11) and rosiglitazone (hatched bars, n=8). In the rosiglitazone group, four pigs were treated with a dose of 0.1 mg/kg and four pigs were treated with 1.0 mg/kg; effects of both doses were similar and data are combined. Data are mean±SEM. As in the exemplary recordings, troglitazone and rosiglitazone attenuated the degree of MAP shortening that occurred during ischaemia. The overall time course of response differed (p<0.01) between the vehicle vs troglitazone and vehicle vs rosiglitazone groups. Post hoc analysis indicated that MAP duration differed (*p<0.05) between the vehicle and the troglitazone or rosiglitazone groups at the individual time points indicated ventricular fibrillation during complete coronary occlusion was determined by rank sum test. Statistical significance was accepted at the level of p<0.05.
Results
Low-flow ischaemia-reperfusion experiment There was no significant difference among groups in the incidence of ventricular fibrillation during low-flow ischaemia or reperfusion. Fibrillation occurred in four pigs treated with vehicle, four pigs treated with troglitazone and in none of the pigs treated with rosiglitazone (p=0.14 for comparison of the three groups, p = 0.63 for comparison of the combined thiazolidinedione groups with the vehicle group).
Pigs that fibrillated were not resuscitated and data are included up to the last measurement point in the protocol preceding death. Haemodynamic and MAP data for the three groups of pigs are shown in Tables 1 and 2 . In the absence of ischaemia, neither troglitazone nor rosiglitazone had a significant effect on MAP duration, consistent with the fact that K ATP channels are predominantly closed under non-ischaemic conditions.
As expected, pigs in the vehicle group demonstrated shortening of MAP duration during ischaemia (Fig. 3a,d ).
The greatest degree of MAP shortening (44±9 ms) was observed early in ischaemia. MAP duration gradually recovered during late ischaemia and returned to baseline by the end of reperfusion. Shortening of MAP duration is the expected response to ischaemia, due primarily to opening of K ATP channels [1] . The magnitude of observed changes was similar to those demonstrated by other investigators in dogs and pigs [4, 34] .
Pigs treated with troglitazone or rosiglitazone demonstrated much less shortening of MAP during ischaemia than pigs treated with vehicle (p<0.01 for difference in overall time course) ( Table 2 , Fig. 3b-d) . For example, at 15 min ischaemia MAP shortened by 6±6 ms in the troglitazone group and 2± 7 ms in the rosiglitazone group, both significantly less (p<0.01) than 44±9 ms in the vehicle group. At 30 min ischaemia, MAP shortened by 12±8 ms in the troglitazone group and 6±6 ms in the rosiglitazone group, compared with 25±8 ms in the vehicle group. There was no significant difference in the effects of rosiglitazone 0.1 or 1.0 mg/kg on MAP duration during ischaemia, indicating that the effect was near-maximal at the lower, clinically relevant dose. Attenuation of MAP shortening by troglitazone and rosiglitazone during ischaemia suggested that these agents act as cardiac K ATP blockers and provided the motivation for our second set of experiments, in which Data are mean±SEM Two doses of levcromakalim (1 and 2 μg kg −1 min −1 , intracoronary) were tested before and after treatment with one dose of troglitazone (10 mg/kg i.v. bolus followed by 5 mg kg −1 h −1 i.v. infusion). One dose of levcromakalim (1 μg kg −1 min −1 , intracoronary) was tested before and after treatment with two doses of rosiglitazone (0.1 mg/kg and 1.0 mg/kg i.v.) or one dose of pioglitazone (1.0 mg/kg i.v.). Under control conditions (no thiazolidinedione), levcromakalim shortened MAP duration; the effect of levcromakalim on MAP was attenuated after treatment with each thiazolidinedione. Left ventricular systolic pressure fell and coronary blood flow increased with levcromakalim, but these responses were not altered by thiazolidinedione treatment a p<0.05 for effect of thiazolidinedione treatment on the response of MAP duration to levcromakalim as determined by two-way repeated measures ANOVA; b p<0.05 for difference between treated and control at indicated condition; c p<0.05 compared with baseline the effects of these agents were evaluated in response to treatment with a pharmacological K ATP channel opener, levcromakalim. The rise time of phase 0 of the MAP is related to conduction velocity [28] , which generally slows with ischaemia. MAP rise time was prolonged slightly with ischaemia in the vehicle and troglitazone groups, but changes in this variable did not reach statistical significance within any group, nor did rise time differ significantly among the three groups (Table 2) . QRS duration measured from surface ECG averaged 70 ms at baseline and was not affected by ischaemia or by treatment with troglitazone or rosiglitazone. In most experiments, QT interval could not be measured accurately from the surface electrocardiogram because of superimposition of the atrial pacing stimulus and/or P-wave on the T-wave at the prevailing heart rate.
Levcromakalim experiments Levcromakalim produced dosedependent shortening of MAP duration (Table 3) , consistent with its action as a K ATP channel opener. Levcromakalim also lowered systolic blood pressure and increased coronary blood flow rate. Upon discontinuation of levcromakalim, all measures returned to baseline within 5 min.
The MAP shortening produced by levcromakalim was markedly attenuated by pre-treatment with troglitazone (Fig. 4), rosiglitazone (Fig. 5) or pioglitazone (Fig. 6; , intracoronary, dotted line) and during intracoronary infusion of levcromakalim after treatment with rosiglitazone (0.1 mg/kg i.v.; dashed line). Recordings during drug treatment have been normalised to phase 0 amplitude at baseline. Rosiglitazone attenuated the degree of MAP shortening that otherwise occurs with levcromakalim. b Group data (n=6, mean±SEM). Rosiglitazone produced a dose-dependent attenuation of the degree of MAP shortening that otherwise occurs with levcromakalim. *p< 0.05 for difference from control experiments, a near-maximal effect of rosiglitazone on MAP duration was observed at the lower, clinically relevant dose of 0.1 mg/kg. Levcromakalim 1 μg kg −1 min −1 shortened MAP by 38±7 ms in the absence of pioglitazone, compared with 9±5 ms in the presence of pioglitazone 1.0 mg/kg. Despite the effects of each thiazolidinedione on MAP shortening in response to levcromakalim, there was no discernible effect of thiazolidinedione treatment on the decrease of systolic blood pressure or increase of coronary blood flow in response to levcromakalim (Table 3) .
Effect of rosiglitazone on time of onset of ischaemic ventricular fibrillation during coronary occlusion Six of seven pigs treated with vehicle and all pigs treated with rosiglitazone or HMR-1098 (n=6 each) developed ventricular fibrillation during complete coronary occlusion. Fibrillation occurred at a median 6 min of ischaemia in the rosiglitazone group and 6 min in the HMR-1098 group, compared with 29 min in the vehicle group (p<0.05 for both drugs compared with vehicle; Fig. 7) . A time of 90 min was assigned to one pig in the vehicle group that had not fibrillated at 90 min of coronary occlusion.
Discussion
This study demonstrates that the thiazolidinedione drugs troglitazone, rosiglitazone and pioglitazone block the cardiac sarcolemmal K ATP channel in vivo. The evidence for such an effect is that the drugs markedly attenuated the degree of action potential shortening induced by myocardial ischaemia or by local administration of a pharmacological K ATP channel opener. Because these effects were observed shortly after administration of the thiazolidinedione drugs, it is unlikely that they were transcriptionally mediated via the nuclear receptor peroxisome proliferatoractivated receptor (PPAR)-γ. Rather, they more probably reflect direct interaction of the drugs with the sarcolemmal K ATP channel. The present study is consistent with previous demonstrations that thiazolidinediones block K ATP channels in non-cardiac cells in culture [20] [21] [22] [23] , but is the first to demonstrate an analogous effect in the heart in vivo. During low-flow ischaemia and reperfusion, when a minority of pigs develop ventricular fibrillation, we observed no significant effect of thiazolidinedione treatment on the incidence of ventricular fibrillation. In a previous study using the same dose of troglitazone and the same duration and severity of low-flow ischaemia, we observed an excess of ventricular fibrillation among troglitazone-treated pigs [26] . However, comparison of that study with the present one may be confounded by the fact that pigs in the prior study were co-treated with lidocaine, which can be pro-fibrillatory in pigs [35] and might interact with troglitazone.
In contrast, during complete coronary occlusion, when nearly all pigs develop ventricular fibrillation, we found that treatment with rosiglitazone significantly shortened the time to onset of fibrillation. A similar pro-fibrillatory effect was observed after treatment with the selective sarcolemmal K ATP blocker, HMR-1098, supporting the notion that K ATP blockade is the mechanism of pro-arrhythmia with rosiglitazone. A previous study in rats demonstrated that rosiglitazone increased late mortality after myocardial infarction, presumed due to an increased risk of sudden cardiac death [36] . The opening of K ATP channels that ordinarily occurs during myocardial ischaemia has the potential to produce pro-arrhythmic or anti-arrhythmic effects [2, 37] . Increased dispersion of refractoriness and/or slowing of conduction by the K ATP current may predispose to re-entrant arrhythmias, while stabilisation of resting membrane potential may suppress automatic or triggered arrhythmias. Conversely, blockade of K ATP channels during ischaemia could be antiarrhythmic if re-entrant arrhythmias are prevented or proarrhythmic if automatic or triggered arrhythmias are facilitated [37] . It is possible that these opposing actions resulted in the neutral effect of thiazolidinedione treatment on ventricular fibrillation observed during low-flow ischaemia, but that predominance of the latter action accounts for the promotion of ventricular fibrillation by rosiglitazone (and HMR-1098) observed during complete coronary occlusion. Consistent with the current observations, mice with genetic ablation of cardiac K ATP channels demonstrate increased susceptibility to lethal ventricular arrhythmias [8, 11] , while pharmacological K ATP openers have been shown to extend time to ventricular fibrillation and decrease incidence of ventricular fibrillation during coronary occlusion in pigs and dogs [5, 6] . However, we cannot exclude the possibility that unmeasured effects of thiazolidinediones on ion channels other than K ATP [38] [39] [40] [41] also influenced the development of ischaemic arrhythmias in the present study.
In contrast to the present results, prior studies in pigs [13] , dogs [33, 42] , rats [43] and rabbits [44] have shown a reduction in ischaemic ventricular fibrillation with the sarcolemmal K ATP blocker HMR 1098 or its congener HMR 1883. The effects of K ATP blockade on ischaemic arrhythmias may depend upon the specific conditions of each experimental model [2] . For example, differences between the prior porcine study with HMR 1883 [13] and the present study include the duration of coronary occlusion (20 vs 90 min), the use of autonomic blockade in the present study and the type of anaesthesia (pentobarbital versus α-chloralose). Barbiturate anaesthetics may independently block mitochondrial [45] and sarcolemmal [46] K ATP channels. In the prior porcine study [13] , it should also be noted that while HMR 1883 reduced ventricular fibrillation during ischaemia, 5 of 12 treated pigs developed ventricular fibrillation during the first few minutes of reperfusion.
In the present study, blockade of cardiac K ATP channels by thiazolidinediones was demonstrated at clinically relevant doses of the drugs. The dose of troglitazone used in this study results in an average plasma troglitazone concentration of 5 μg/ml in pigs [26] , similar to 3 μg/ml measured in patients after a single oral dose of 600 mg [29] . Similarly, rosiglitazone 0.1 mg/kg and pioglitazone 1.0 mg/kg are comparable to typical daily oral doses of these agents in clinical use. We allowed 1 h between the administration of thiazolidinedione drugs and the beginning of ischaemia or levcromakalim infusion. At 1 h following intravenous administration of troglitazone or rosiglitazone, pharmacokinetics are similar to those observed after oral administration of an equal dose [47, 48] .
Under normal conditions, sarcolemmal K ATP channels are predominantly closed; therefore, it is not surprising that thiazolidinediones, acting as K ATP channel blockers, do not significantly affect MAP in the absence of ischaemia. During ischaemia, the attenuation of MAP shortening produced by troglitazone and rosiglitazone is similar to that produced by the prototypical K ATP blocker, glibenclamide, in pigs [9] .
We found that troglitazone, rosiglitazone and pioglitazone each abrogated shortening of MAP to a similar degree in response to a K ATP opener, levcromakalim. A previous in vitro study indicated that reconstituted K ATP channels in COS-1 cells are blocked by troglitazone, but not by pioglitazone [23] . The discrepancy between that study and the current data highlights the importance of translational in vivo studies in this area.
The current data may provide clues regarding the type of interaction between thiazolidinediones and K ATP channels. Each tested thiazolidinedione compound attenuated MAP shortening in response to levcromakalim, but did not attenuate the decrease in systolic blood pressure or the increase in coronary blood flow produced by levcromakalim. These observations indicate differential effects of thiazolidinediones on cardiac and vascular smooth muscle K ATP channels. The former are composed of Kir6.2 and SUR2A subunits, while the latter are composed primarily of Kir6.1 and SUR2B subunits. Thus, the present findings suggest that thiazolidinediones interact with either Kir6.2 or SUR2A subunits, but not with Kir6.1 or SUR2B. An interaction of thiazolidinediones with Kir6.2 is supported by studies in cell culture [22, 23] and would contrast with the actions of sulfonylurea K ATP blockers, which interact with SUR subunits.
From a metabolic and functional standpoint, opening of cardiac K ATP channels during ischaemia is generally considered to be adaptive and protective. By promoting repolarisation and shortening action potential duration, calcium entry is reduced and metabolic energy is conserved [2, 3] . These adaptive effects of K ATP channel opening lead to the prediction that blockade of K ATP channels during myocardial ischaemia would impair contractile recovery. In fact, some in vitro studies have shown that glibenclamide impairs contractile recovery after simulated ischaemia [49] .
However, evidence for an adverse effect of K ATP blockade on contractile recovery in vivo is less convincing. K ATP blockade with glibenclamide abolishes protection by ischaemic preconditioning, but has a neutral effect on post-ischaemic contractile function and infarct size in pigs when no preconditioning stimulus is applied [9] . HMR 1098 had no significant effects on contractility at baseline or during ischaemia in the canine heart [50] . Similarly, we previously found neutral effects of chronic rosiglitazone treatment [25] or acute troglitazone treatment [26] on recovery of contractile function after low-flow ischaemia without preconditioning in pigs. It remains an open question whether myocardial infarct size and protection by ischaemic preconditioning are altered by thiazolidinedione treatment. K ATP blockers such as glibenclamide affect both sarcolemmal and mitochondrial channels. Using MAP duration as an indicator, we characterised effects of troglitazone, rosiglitazone and pioglitazone on the sarcolemmal K ATP channel. The current data do not indicate whether thiazolidinedione drugs block mitochondrial K ATP channels or whether they act upon other types of sarcolemmal ion channels [37] [38] [39] [40] .
In clinical practice, it remains uncertain whether treatment with thiazolidinedione drugs produces net clinical benefit or harm in patients with cardiac disease. The answer probably depends upon several interacting factors. Beyond effects on K ATP channels, thiazolidinediones produce antiinflammatory and metabolic effects related to PPAR-γ, as well as changes in systemic vascular resistance, cardiac output and plasma volume, each of which may influence the net effect of treatment. Nonetheless, the fact that the outcomes of clinical trials with thiazolidinediones have been less favourable than expected [17] or perhaps even unfavourable [19] , despite clearly beneficial metabolic effects, raises a suspicion that countervailing, unfavourable mechanisms are also operative. It is possible that blockade of cardiac K ATP channels is such a mechanism.
